fold into a series of stem-loop structures to which the coat protein binds with high affinity. This binding plays a role in initiation of infection ('genome activation') and has been thought to substitute for a tRNA-like structure that is found at the 3Ј termini of related plant viruses. We propose the existence of an alternative conformation of the 3Ј ends of alfamo-and ilar-virus RNAs, including a pseudoknot. Based on (i) phylogenetic comparisons, (ii) in vivo and in vitro functional analyses of mutants in which the pseudoknot has been disrupted or restored by compensatory mutations, (iii) competition experiments between coat protein and viral replicase, and (iv) investigation of the effect of magnesium, we demonstrate that this pseudoknot is required for replication of alfalfa mosaic virus. This conformation resembles the tRNA-like structure of the related bromoand cucumo-viruses. A low but specific interaction with yeast CCA-adding enzyme was found. The existence of two mutually exclusive conformations for the 3Ј termini of alfamo-and ilar-virus RNAs could enable the virus to switch from translation to replication and vice versa. The role of coat protein in this modulation and in genome activation is discussed.
Introduction
The 3Ј termini of the genomic RNAs of many positivestrand RNA viruses of plants possess a tRNA-like structure (TLS) which is recognized by tRNA-specific enzymes (Mans et al., 1991; Giegé, 1996; Haenni and Chapeville, 1997) . Plant viruses with a 3Ј TLS include members of the tymo-, tobamo-, tobra-, bromo-, cucumo-, hordei-and furo-viruses (Goodwin and Dreher, 1998) . A crucial step in obtaining tRNA mimicry is the formation of a so-called pseudoknot: an RNA hairpin in which loop residues base pair with nucleotides outside that loop (Pleij, 1994) . Inherent to pseudoknots is their low stability which often results in the folding of alternative structures (Wyatt et al., 1990; Gluick et al., 1997; Kolk et al., 1998) . This property allows pseudoknots to function as 'molecular switches', e.g. in regulating translation of the alpha and repZ mRNA (Draper, 1996; Asano and Mizobuchi, 1998) . The role of 4856 © European Molecular Biology Organization the pseudoknot in the TLS of plant viral RNAs is quite puzzling. On one hand, the pseudoknot as a central part of the TLS is required for aminoacylation of bromo-and tymo-viruses (Dreher and Hall, 1988; Mans et al., 1992) but then aminoacylation itself is not mandatory for virus accumulation in plants (Dreher et al., 1989; Goodwin et al., 1997) . On the other hand, several experiments indicate that the pseudoknot is dispensable for replication in vitro (Deiman et al., 1998; Singh and Dreher, 1998; Chapman and Kao, 1999) , whereas it remains essential for replication of these viruses in vivo and cannot be replaced by a genuine tRNA (Skuzeski et al., 1996) . Such data are suggestive of a possible regulatory role for the pseudoknot in the TLS of plant virus RNAs.
The family of Bromoviridae contains several genera of plant viruses with a tripartite RNA genome. Within this family, bromo-and cucumo-viruses possess a TLS that can be charged with tyrosine, whereas the RNAs of alfalfa mosaic virus (AMV; the type member of the alfamoviruses) and ilarviruses cannot be charged with an amino acid, and are believed to lack a TLS. Instead, the 3Ј termini of the RNAs of AMV and ilarviruses contain a site that binds viral coat protein (CP) with high affinity, and binding of CP to the inoculum RNAs is required to initiate infection (reviewed in Bol, 1999; Jaspars, 1999) . The function of CP in the inoculum has been termed 'genome activation'. It has been suggested that CP binding functionally compensates for the absence of a TLS (Neeleman et al., 1993; Houser-Scott et al., 1997) .
The 3Ј untranslated regions (UTRs) of the AMV genomic RNAs share a terminal sequence of 145 bases that can be folded into a linear array of stem-loop structures, as first proposed in 1979 (Koper-Zwarthoff et al., 1979) (Figure 1 , top). The secondary structure of this region has been verified by phylogenetic comparison and enzymatic structure mapping (Koper-Zwarthoff and Bol, 1980; Houwing and Jaspars, 1982; Quigley et al., 1984) . The 3Ј UTRs have been shown to contain multiple highaffinity binding sites for CP, which are characterized by hairpins flanked by AUGC motifs (Bol, 1999) . In particular, the integrity of the terminal hairpin (Figure 1, top) , which is strongly conserved in AMV and ilarviruses, is an important parameter for CP binding (Reusken and Bol, 1996; Ansel-McKinney and Gehrke, 1998) .
Here we show that the 3Ј terminus of AMV and ilarvirus RNAs can adopt an alternative conformation through the formation of a pseudoknot. The pseudoknot conformation resembles the TLS of bromo-, cucumo-and hordei-viruses and a weak, though specific, interaction of the AMV 3Ј UTR with the CCA-adding enzyme from yeast was found. By mutation analysis of the AMV 3Ј end we demonstrate that this pseudoknot is essential for viral replication in vivo and in vitro. We also show that binding of CP to the 3Ј end inhibits production of minus-strand RNA by interfering with the formation of the pseudoknot. The 3Ј terminus of AMV and ilarvirus RNAs thus has a dual role in the life cycle of these viruses: one for the production of minus strands, the other for the binding of CP. We propose that binding of CP to the inoculum RNAs of AMV and ilarviruses plays a role in translation of these RNAs or in other steps of the replication cycle that precede the initiation of RNA replication. Later in the infection process, binding of newly synthesized CP to the 3Ј end of plus-strand RNAs may shut off minus-strand synthesis, thereby triggering a switch to the asymmetric synthesis of plus-strand viral RNAs. Left three lanes, RNA4 was incubated with the indicated amount of DMS at room temperature for 30 min. After purification, the modified bases were detected by primer extension with a primer complementary to the terminal 21 nucleotides. Right four lanes, RNA sequence obtained by primer extension on RNA4 in the presence of dideoxynucleotides. The latter lanes are shifted one nucleotide up with respect to the DMS lanes due to the fact that reverse transcriptase stops elongating at a modified base but terminates after addition of a dideoxynucleotide.
Results
Biochemical and phylogenetic data in support of the existence of an alternative structure within the 3Ј end of AMV and ilarvirus RNAs The secondary structure of the 3Ј UTR of AMV genomic RNAs is usually depicted as a linear array of stem-loop structures, flanked by AUGC motifs (Figure 1, top) . We believe that an alternative conformation exists (Figure 1 , bottom) that is mutually exclusive with the CP-binding conformer. This alternative structure is formed when nucleotides UCCU in loop d base pair with residues AGGG in stem a, resulting in a pseudoknot. This conformation is still in agreement with structure-probing data that showed reactivity of bases in loop d and stem a to both singleand double-strand-specific enzymes (Quigley et al., 1984) . Moreover, nucleotides that are crossing the major groove of a pseudoknot, here CGC, are relatively inaccessible to nucleases (van Belkum et al., 1985) . The low reactivity of G-95 (numbering starts at the 3Ј end) towards RNase T1 (Houwing and Jaspars, 1982) is therefore in good agreement with a pseudoknotted conformation. In our hands, probing with dimethyl sulfate (DMS), which reacts with N3 of unpaired cytosines, showed that both C-94 and C-96 are readily modified in contrast to C-91 and C-92 (Figure 2 ), which are predicted to be base-paired in the pseudoknot conformation. We note that C-92 coincides with a non-specific stop in the primer extension reaction but nevertheless its intensity is not enhanced by DMS treatment.
The pseudoknot interaction is also supported by phylogenetic data. As illustrated by Figure 3 , similar pseudoknot structures can be folded in the RNAs of all known ilarviruses. In several RNAs it is possible to extend base pairing towards the 3Ј end. We note that in AMV RNA the interaction can also be drawn such that a terminus with three instead of four unpaired nucleotides results. At present we cannot discriminate between these two possibilities. Since it is difficult to predict the loop sizes in a pseudoknot we have drawn all RNAs with an unpaired Fig. 3 . Conservation of the pseudoknot in all other ilarvirus RNAs. AMV, RNAs 1, 2 and 3 of all known isolates; PDV, prune dwarf virus RNAs 1 and 3; PNRSV, Prunus necrotic ringspot virus (three strains) RNA3; ApMV, apple mosaic virus (two strains) RNA3; HdMV, hydrangea mosaic virus RNA3; TSV, tobacco streak virus RNAs 1, 2 and 3; LRMV, lilac ring mottle virus RNA3; CVV, citrus variegation virus RNA3; CiLRV, citrus leaf rugose virus RNAs 1, 2 and 3; EMoV, elm mottle virus RNAs 1, 2 and 3; AV-2, asparagus virus 2 RNA3; and SpLV, spinach latent virus RNAs 1, 2 and 3.
terminus of four bases. Sequence comparison also revealed that the 3Ј UTR of ilarvirus RNAs can exist in two mutually exclusive conformations (data not shown).
Similarities of the AMV pseudoknot conformation with the TLS of other Bromoviridae and its interaction with the CCA-adding enzyme The pseudoknotted conformer of AMV RNA (and of ilarvirus RNAs) shows similarities with the pseudoknot structures present at the 3Ј end of bromo-, cucumo-and hordei-virus RNAs (Figure 4 ), which all possess tRNAlike features. The 3Ј UTR of the genomic RNAs of olive latent virus 2 (OLV-2), the type species of the genus Oleavirus, can be readily folded into a TLS in our hands (Figure 4 ), in contrast to earlier reports (Grieco et al., 1996) . The resemblance of the AMV pseudoknot structure with these TLSs and the fact that alfamo-, ilar-, bromo-, cucumo-and olea-viruses are all members of the same family, the Bromoviridae, prompted us to re-investigate putative tRNA-like features of AMV RNA.
Attempts to aminoacylate AMV RNA have been unsuccessful so far (Hall, 1979 ; R.C.L.Olsthoorn and J.F.Bol, unpublished data), possibly due to the lack of a CCA terminus. Therefore we tested whether the 3Ј UTR of AMV RNA3 was a substrate for CTP/ATP:tRNA nucleotidyl transferase. This enzyme is responsible for the addition of CCA ends to tRNAs and to various plant viral RNAs (Mans et al., 1991) , and is sensitive to the length of the aminoacyl-acceptor (aa) arm, which should be~11-13 bp (Shi et al., 1998) . In AMV RNA a putative aa arm of 11 bp can be formed by extending the horizontal helix with a U-A pair such that the connecting loop becomes UCGA instead of AUCG (Figure 4 ). This loop could be the equivalent of the T-loop in tRNA and in a way resembles the connecting loop in the TLS of BSMV (Figure 4) .
A synthetic transcript corresponding to the 180 nt-long 3Ј UTR of AMV RNA3 could be labelled with [ 32 P]AMP by the CCA-adding enzyme from yeast ( Figure 5 , WT). Labelling also took place in the absence of CTP (data not shown), suggesting that the AUGC terminus is extended by a single adenosine. This reaction was strongly dependent on the presence of Mn 2ϩ ; however, under these conditions adenylation was still specific, as a fragment lacking the terminal 90 nt was not labelled (Figure 5 , DR). In the absence of Mn 2ϩ , labelling was estimated to be 50-fold less efficient than adenylation of a synthetic tRNA-CC transcript (data not shown).
To show that adenylation of AMV RNA was specific for the presence of the putative aa arm, mutations were made in the pseudoknot ( Figure 6 ). Mutants with a disrupted pseudoknot, G3, C3 and A4, showed a reduced level of adenylation ( Figure 5 ). In contrast, when the pseudoknot was restored by compensatory mutations, a wild-type (wt) level of adenylation was again observed (Figure 5, GC3) . Although the biological significance of this type of labelling needs further investigation, these data do support the presence of a quasi-continuous helix of 11-13 bp at the 3Ј terminus of AMV RNA.
Role of the pseudoknot in viral replication
To examine the function of the pseudoknot in viral replication, pseudoknot mutations were introduced into full-length RNA3 transcripts, which were inoculated onto P12 tobacco plants. These plants are transgenic for the P1 and P2 replicase genes encoded by AMV RNAs 1 and 2, respectively. AMV RNA3 encodes the viral movement protein (P3) and the CP, which is translated from the subgenomic RNA4. Infection with RNA3 of P12 plants results in the accumulation of viral particles containing either RNA3 or subgenomic RNA4 (Taschner et al., 1991) . Figure 7A shows that the possibility of forming the pseudoknot also correlated well with the accumulation of viral RNAs. Mutants C2, G3 and C3 (Figure 6 ), in which 2 or 3 bp in the pseudoknot are disrupted, did not accumulate to detectable levels, in contrast to mutants GC2 and GC3 in which the pseudoknot interaction is restored ( Figure 7A ). In P12 protoplasts, essentially the same results were obtained ( Figure 7B ). The accumulation of mutant A4 both in plants and protoplasts never exceeded 10% of the wt level (data not shown).
The role of the pseudoknot in recognition of the AMV RNAs by the viral RNA-dependent RNA polymerase (RdRp) was analysed by using wt and mutant RNAs as templates for the purified AMV RdRp in an in vitro assay (de Graaff et al., 1995) . Figure 7C shows that template activity of the mutant RNAs in vitro paralleled their accumulation in vivo ( Figure 7A and B), suggesting that a reduced accumulation in vivo is mainly due to a defect in minus-strand synthesis.
CP inhibits minus-strand synthesis by untying the pseudoknot From the above experiments it is clear that the pseudoknot conformation is required for minus-strand synthesis. On the other hand, the 'linear conformation' (Figure 1, top) has been implicated in CP binding. Studies on thermal melting profiles (Hinz et al., 1979) , ethidium bromide binding (Srinivasan and Jaspars, 1982) , circular dichroism . Structural similarity of the pseudoknotted conformation of AMV with the tRNA-like structures present at the 3Ј end of some related plant viral RNAs. BMV, brome mosaic bromovirus, the structure according to Rietveld et al. (1983) is shown; BSMV, barley stripe mosaic hordeivirus, according to Kozlov et al. (1984) ; OLV-2, olive latent oleavirus (Grieco et al., 1996) , putative folding. Cucumoviruses resemble BSMV in their TLSs. An alternative U-A base pair that extends the quasi-continuous helix in AMV to 11 bp is indicated by a dotted line. Figure 6 . DR is a transcript that lacks the terminal 90 nt of AMV RNA3. Yeast tRNA from which the terminal A had not been removed served as a control. (Srinivasan and Jaspars, 1982; Baer et al., 1994) , electrophoretic mobility in native gels (Baer et al., 1994) and RNase protection (Houwing and Jaspars, 1982) indicated that binding of CP causes a conformational change in the 3Ј UTR. In the light of our present data, CP binding presumably induces a transition from the pseudoknot conformer to the CP-binding conformer, which is not recognized by the RdRp. Such a scenario would fit with the observation that addition of CP to the in vitro RdRp assay blocks minus-strand synthesis (de Graaff et al., 1995) . From this scenario it also follows that replication of a mutant in which such a switch cannot occur would not be affected by the addition of CP. To examine this possibility, the template activities of wt RNA and mutant 1-7 in the RdRp assay were compared in the absence and presence of added CP. In mutant 1-7, stem-loop a is disrupted without disturbing the pseudoknot interaction (Figure 4 ). Previously, we have shown that this mutation interferes with binding of CP but has little effect on the template activity in vitro (Reusken et al., 1997) . The left panel of Figure 8 shows that addition of CP to CP:RNA ratios of 0.2 and 2, strongly inhibited template activity of wt RNA in the RdRp assay. In contrast, addition of CP did not affect the template activity of mutant 1-7 (Figure 8 , right panel). These data support the hypothesis that binding of CP depends on formation of stem-loop a, thereby disrupting the pseudoknot required for RdRp recognition. Moreover, our data also indicate that the inhibitory effect of CP on minus-strand synthesis is due to binding of CP to the template RNA rather than binding to the RdRp.
Mg 2ϩ interferes with CP binding by stabilizing the pseudoknot conformation
It is well documented that pseudoknots are stabilized by Mg 2ϩ (reviewed in Draper, 1996) . It has also been reported that binding of CP to the 3Ј end of AMV RNA1 but not to internal sites was inhibited by Mg 2ϩ (Zuidema, 1983) . We hypothesized that addition of Mg 2ϩ would favour the formation of the pseudoknot, which in turn would preclude CP binding. To test this hypothesis, we performed band shift assays with a transcript comprising the terminal 112 nt of AMV RNA3, i.e. the 'L-shape' formed by elements a', b, c and d (Figure 1, bottom) . In the absence of Mg 2ϩ , addition of CP to the wt transcript resulted in a clear shift (Figure 9 , D/WT). In the presence of 10 mM Mg 2ϩ , however, CP was hardly capable of forming a complex (Figure 9 , D/WT). In contrast, Mg 2ϩ did not (-), no template was added to the reaction. The template activities of C2 and GC2 were similar to those of C3 and GC3, respectively. severely inhibit CP binding to a mutant transcript that cannot form the pseudoknot (Figure 9 , D/A4). These results show that it is the formation of the pseudoknot, and not the presence of Mg 2ϩ per se, which interferes with CP binding. Thus, under physiological conditions the equilibrium might well be in favour of the pseudoknot conformation, especially if host proteins can stabilize this structure.
4860 Fig. 8 . In vitro RdRp assay in the absence (-) or presence of added CP (0.2-2 mol CP/mol RNA). RNA templates were pre-incubated with CP before the addition of purified AMV RdRp. WT, wild-type transcript corresponding to the 3Ј UTR of AMV RNA3 was used as template; 1-7, like WT but containing mutations as shown in Figure 6 . We note that the template activity of mutant 1-7 is 50-85% that of wt (Reusken et al., 1997; R.C.L.Olsthoorn and J.F.Bol, unpublished results), possibly because it can also form an alternative pseudoknot involving the three G residues at positions 11, 12 and 13 from the 3Ј end ( Figure 6 ). Fig. 9 . Band shift assay with CP in the absence or presence of Mg 2ϩ . 32 P-labelled transcripts (~20 pmol) were renatured in the absence or presence of Mg 2ϩ before the addition of CP (~5 pmol). Complexes were resolved on a 6% polyacrylamide gel. D/WT, a wt transcript comprising the terminal 112 nt of AMV RNA3 was used as probe; D/A4, a mutant transcript that cannot form the pseudoknot was used as probe. Big arrow, free probe; small arrow, RNA-CP complex.
Discussion
We have shown here that the 3Ј UTR of AMV and ilarvirus RNAs contains a pseudoknot structure that is required for viral replication. For the past 20 years, all research on the 3Ј UTR of AMV and ilarvirus RNAs has been focused on an alternative structure that is involved in the binding of CP. Re-examination of the biochemical and phylogenetic data which were used to support the secondary structure of the CP-binding conformer led us to propose an alternative, pseudoknotted, conformer. Which of the two conformers is prevailing probably depends on experimental conditions such as temperature and (divalent) salt concentrations. Previously, enzymatic structure probing was carried out at either 37 (Quigley et al., 1984) or 25°C (Houwing and Jaspars, 1982), whereas our chemical probing was performed at 21°C. These different conditions could account for the 'alternate structures' observed by Quigley et al. (1984) but not by Houwing and Jaspars (1982) nor by us. In this respect it is worthwhile to note that thermal melting studies on AMV RNA4 showed a clear transition at 25.5°C (Srinivasan and Jaspars, 1978) , which has been interpreted as the loss of tertiary structure. This transition was absent in a fragment consisting of the terminal 90 bases of RNA4 , in other words, in a fragment that cannot form a stable pseudoknot. It is conceivable that under physiological conditions the genomic RNAs are predominantly in the pseudoknotted conformation and that CP binding shifts the equilibrium towards the linear conformation. This is further substantiated by the following observations. (i) Binding of CP to RNA4 coincides with the loss of the thermal transition at 25.5°C, pointing to '. . . an interference of the coat protein with the tertiary structure . . .' . (ii) In native RNA4, position G-95 is not sensitive to RNase T1 digestion, probably due to steric hindrance in the pseudoknot conformation (van Belkum et al., 1985) . However, in nucleoprotein complexes of RNA4 and CP, G-95 is accessible for RNase T1 digestion (Houwing and Jaspars, 1982) , indicating that G-95 is now part of the normal hairpin-loop d (Figure 1, top) .
The conformational switch that is triggered by CP binding could have several functions in the viral life cycle. After dissociation of parental virus into RNA and CP, a few CP molecules probably remain associated to highaffinity binding sites at the 3Ј termini of the inoculum RNAs. This CP may function in steps of the replication cycle that precede initiation of minus-strand RNA synthesis, such as protection of the 3Ј end of viral mRNAs from exonucleolytic degradation (Neeleman et al., 1993) , enhancement of translation of viral mRNAs or prevention of a collision between translating ribosomes and replicase molecules synthesizing minus strands. Possibly, targeting of the parental RNAs to chloroplast membranes where replication complexes are assembled (de Graaff et al., 1993) could result in the dissociation of the terminally bound CP, thereby permitting the formation of the pseudoknot structure and the initiation of minus-strand RNA synthesis.
Later in the infection process, newly synthesized CP will compete with the viral RdRp for binding to the 3Ј end of plus-strand RNAs. Since CP is made in large excess over the P1 and P2 replicase subunits, the pseudoknot conformation will eventually collapse and minus-strand synthesis be shut off. This will then be the trigger to commence with the asymmetric synthesis of plus-strand viral RNAs. This view fits well with the role of CP in asymmetric plus-strand RNA synthesis observed in vivo (Bol, 1999) .
So far, there is no experimental evidence to support an early function of CP in the translation of inoculum RNAs. The 3Ј UTRs of several plant viral RNAs are known to be involved in the initiation of translation (Lahser et al., 1993; Leathers et al., 1993) . Also, the 3Ј UTR of AMV RNA4 has been shown to stimulate translation in vitro and in oocytes, but this stimulation was reported to be independent of CP (Ryabova et al., 1993; Hann et al., 1997) . However, this does not exclude a role of CP in the translation of AMV RNAs 1 and 2 in vivo when viral 4861 replicase is expressed. Moreover, it might be interesting to study the effect of CP on translation of RNAs 1 and 2 in vitro in the presence of purified AMV RdRp.
The pseudoknot structure of AMV (and ilarviruses) shows similarities with the TLS of bromo-and cucumoviruses, which are also members of the family of Bromoviridae. Recently, OLV-2 has been included as a member of this family (Pringle, 1998) . The 3Ј UTR of the three genomic RNAs of this virus can also be folded into a TLS (Figure 4) . It is therefore tempting to speculate that all members of the family of Bromoviridae possess a TLS but that AMV and ilarviruses have evolved a divergent version to accommodate CP binding. Thus, the members of this family may be more related than previously realized. This latter assumption is corroborated by the observation that the brome mosaic virus (BMV) RdRp prefers to initiate replication on AUGC over ACCA termini (Deiman, 1999) .
The TLS of bromo-and cucumo-viruses possesses tRNA-specific functions such as being a substrate for the CCA-adding enzyme and tyrosyl-tRNA synthetase. The TLS of BMV RNA contains additional charging capacities for valine and histidine (Felden et al., 1998) . No data are available for OLV-2, but considering the resemblance with BMV, charging with tyrosine, valine or histidine is predicted. Attempts to charge AMV RNAs have not been successful so far (Hall, 1979 ; R.C.L.Olsthoorn and J.F.Bol, unpublished data). On one hand this may be due to the lack of a CCA end; on the other hand, not all plant viruses possessing a TLS are capable of aminoacylation. Notorious exceptions are tomato aspermy cucumovirus, tobraviruses and some furoviruses (Mans et al., 1991; Goodwin and Dreher, 1998 ). Yet tRNA-specific enzymes could still play a role in the life cycle of these viruses. Possibly, AMV and ilarviruses can also interact with an aminoacyl tRNA synthetase without becoming aminoacylated. Currently, we are investigating whether addition of AMV RNA has an adverse affect on tRNA aminoacylation.
As a hint to a possible TLS in AMV, we found a weak adenylation by the yeast CCA-adding enzyme. Although this reaction was strongly dependent on the addition of Mn 2ϩ , which is not very common for this enzyme, it was specific for the presence of the pseudoknot structure. We found that Mn 2ϩ was also needed to restore adenylation of tRNA-UGC to the same level as that of tRNA-ACC (unpublished data), suggesting that under these conditions recognition of the very 3Ј end is less critical. At best, our results indicate that AMV RNA has some rudimentary tRNA-like features.
We have shown here that the 3Ј UTR of AMV and ilarvirus RNAs can exist in two mutually exclusive conformations, each of which plays a separate role in the viral life cycle. This property is potentially shared by other members of the Bromoviridae family whose 3Ј UTRs can also be folded into two discrete configurations (Ahlquist et al., 1981) . For BMV it has been observed that upon lowering of the Mg 2ϩ concentration the pseudoknot disappears and a small hairpin emerges at the 3Ј end (Rietveld et al., 1983) . Whether the BMV CP also plays a role in this process is not known, but since bromovirus infection does not require CP in the inoculum, a host protein may have taken over this function. Switching between the two conformations could enable the virus to switch, e.g. from translation to replication, a fundamental issue for any RNA virus. A pseudoknot may be optimally suited for such a conformational switch, which might explain its presence in tRNA-like structures of many plant viral RNAs. 
Materials and methods

Sequence comparison
Structure probing
Four-microgram samples of purified AMV RNA4 were preincubated in 225 μl reaction buffer for 1 min at 65°C, then for 10 min at 37°C and finally for 10 min at room temperature (~21°C) to equilibrate the structure. Subsequently, the samples were incubated with 0, 2.5 or 5.0 μl of a DMS solution (10% v/v in ethanol) for 30 min at room temperature in 70 mM HEPES-KOH pH 7.8, 10 mM MgCl 2 , 270 mM KCl. Reactions were stopped by the addition of 25 μl of 3 M sodium acetate pH 5.2, 5 μl β-mercaptoethanol and 625 μl ethanol. After precipitation of the RNA, primer extension was performed as described by Schmidt et al. (1987) , with a primer complementary to the terminal 21 nt of AMV RNA. The products were fractionated on 8% polyacrylamide gels containing 8 M urea.
Construction of mutant AMV cDNA3 clones
Plasmids 3kA4, 3kC2, 3kGC2, 3kG3 and 3kGC3, which after transcription by T7 polymerase yielded mutant A4, C2, GC2, G3 and GC3 RNA3 transcripts, respectively, were constructed as follows. First a 5Ј fragment was synthesized by PCR on plasmid 3kWT (van der Vossen et al., 1994) , using primers T7G (AATTTAATACGACTCACTATAGGGTACCCC-ATTAATTTGG, the T7 promoter sequence is shown in bold, the underlined sequence represents a KpnI restriction site used for cloning purposes) and HP4REV (CATACCTTGACCTTAATCCACC), which is complementary to the 5Ј half of stem d (Figure 1 ) and partially complementary to primers HP4A4, L4GG and L4GGG. 3Ј fragments containing the desired mutations in loop d and/or stem-loop a were generated using the following primer pairs: for mutant A4, HP4A4 (GGATTAAGGTCAAGGTATGAAGTCCTATTAAAAGATAGGATCG-AC, mutated bases are shown in bold) and BIO358 (CTACCTGCA-GCATCCCTTAGGGGCATTC, containing a PstI restriction site); for mutant G3, L4GGG (GGATTAAGGTCAAGGTATGAAGTCCTATT-CGCTGGGGATAGGATCGAC) and BIO358; for mutant GC2, L4GG (GGATTAAGGTCAAGGTATGAAGTCCTATTCGCGGCTGATAGG-ATCGAC) and M1CC (CTACCTGCAGCATGGCTTAGCCGCATT-CATGCAG); and for mutant GC3, primers L4GGG and M1CCC (CTACCTGCAGCATGGGTTACCCGCATTCATGCAG). 5Ј and 3Ј fragments were subsequently used in a second PCR and amplified using primers T7G and BIO358. The resulting fragments were cloned KpnIPstI in p3kWT and checked by DNA sequencing. Construction of plasmid 3kC3 has been described previously (Reusken et al., 1997) . After linearization with PstI and blunting with T4 DNA polymerase, transcripts were synthesized using T7 RNA polymerase (see below).
Synthesis of mutant transcripts
Transcripts corresponding to the 3Ј UTR of AMV RNA3, and mutants thereof, were synthesized by in vitro transcription with T7 RNA polymerase (Milligan et al., 1987) . The wt and mutant templates were constructed by PCR on the corresponding wt and mutant plasmids using primer T7G in combination with the appropriate reverse primers as indicated below. For WT, plasmid 3kWT and primer WT2 (GCATCCCTTAGGGGCATTCAT); for mutant GC3, plasmid 3kGC3 and reverse primer 1-8 (GCATGGGTTACCCGCATTCAT); for mutant C3, plasmid 3kC3 and primer 1-8; for mutant 1-7, plasmid 3k1-7 (Reusken et al., 1997) and primer 1-7 (GCATCCCTTACCC); for mutant A4, plasmid 3kA4 and primer WT2; and for mutant DR, plasmid 3kWT and primer DicRev (CGAATAGGACTTCATACCTTGACCTTAAT-CCACCCAG) were used. After transcription, reactions were DNase treated and phenol extracted; the RNA was precipitated twice from ammonium acetate/isopropanol, dissolved in sterile water and quantified on ethidium bromide-stained agarose gels. All enzymes were purchased from Gibco-BRL, except for Vent DNA polymerase (New England Biolabs, MA); oligonucleotides were purchased from Eurogentec (Belgium).
Inoculation of tobacco plants and protoplasts
P12 tobacco plants were inoculated manually with wt and mutant RNA3, three half-leaves per plant. Virus particles were isolated 6 days after inoculation from 1.5 g of leaf material and viral RNA was extracted from the purified particles as described before (Reusken et al., 1997) . P12 protoplasts were inoculated with wt and mutant RNA3 transcripts by the PEG method as described (van der Vossen et al., 1994) . Total RNA was extracted from protoplasts using Trizol reagent (Gibco-BRL) 20 h after inoculation. RNA was analysed by Northern blotting using a DIG-labelled probe that detects the 3Ј UTR of RNA1-4.
Adenylation
Adenylation was carried out at room temperature for 2 h in a 10 μl reaction mixture containing 50 mM Tris-HCl pH 8.0, 50 mM NaCl, 10 mM MgCl 2 , 10 mM MnCl 2 , 50 μM ATP, 50 μM CTP (optional), 0.1 μM [ 32 P]ATP (ICN, 3000 Ci/mmol), 4 μM RNA and 1 μg of CTP/ATP:tRNA nucleotidyl transferase from baker's yeast, essentially as described (van Belkum et al., 1985) . Products were analysed on denaturing polyacrylamide gels (8%). Repeating the reactions at 4°C for 16 h led to similar results.
In vitro replication assay
Nicotiana benthamiana plants infected with AMV were used to purify the AMV RdRp as described previously (Quadt et al., 1991) . Such a preparation is highly specific and dependent on added AMV template RNAs for its activity. This enzyme was used to study minus-strand RNA synthesis on wt and mutant AMV transcripts by incorporation of [ 32 P]UTP followed by S1 nuclease treatment and separation of the products on agarose gels, all as described previously (de Graaff et al., 1995) . To study the effect of added CP on minus-strand synthesis RNAs (20 pmol) corresponding to the 3Ј UTR of wt or mutant 1-7, RNA3 were pre-incubated with CP (0-40 pmol) at room temperature in 3 μl containing 33 mM NaOAc pH 6.0, 13% Tween-20 and 13% glycerol for 15 min. Subsequently, the RdRp reaction mixture (22 μl) was added and incubation continued for 30 min at 28°C. Reactions were stopped by the addition of formamide loading buffer and directly electrophoresed in a 6% polyacrylamide gel.
Band shift assay 32 P-labelled transcripts D/WT and D/A4 were synthesized by in vitro transcription in the presence of [ 32 P]UTP. Templates were obtained by PCR using primers T7D (AATTTAATACGACTCACTATAGGGTA-TGAAGTCCTATTCG) and WT2 on plasmids 3kWT and 3kA4, respectively. Due to mispriming of primer T7D on 3kA4 the d-loop sequence becomes CGAA instead of AAAA; this has no consequences for this experiment. Conditions for the band shift assay were as follows. One microgram (~20 pmol) of labelled transcript was preheated for 2 min at 65°C in a buffer containing 75 mM Tris-HCl pH 8.0 (ϩ15 mM MgCl 2 for assays in the presence of Mg 2ϩ ) and then slowly cooled to room temperature. One microgram (~8 pmol) of yeast tRNA and 5 pmol of CP were added and the reactions were brought to 50 mM Tris-HCl pH 8.0 (ϩ10 mM MgCl 2 for assays in the presence of Mg 2ϩ ). After 15 min of incubation at room temperature, glycerol loading buffer was added and samples were electrophoresed in a 6% polyacrylamide gel. The gel was dried and exposed to X-ray film.
